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ABSTRACT
We present the results of new radio observations carried out with the Karl G. Jan-
sky Very Large Array C-configuration at 5.5 GHz for a sample of southern narrow-line
Seyfert 1 galaxies (NLS1s). This work increases the number of known radio-detected
NLS1s in the southern hemisphere, and confirms that the radio emission of NLS1s is
mainly concentrated in a central region at kpc-scale and only a few sources show dif-
fuse emission. In RQ NLS1s, the radio luminosity tends to be higher in steep-spectrum
sources and be lower in flat-spectrum sources, which is opposite to RL NLS1s. This
may be because the radio emission of steep NLS1s is dominated by misaligned jets,
AGN-driven outflows, or star formation superposing on a compact core. Instead the
radio emission of flat NLS1s may be produced by a central core which has not yet
developed radio jets and outflows. We discover new NLS1s harboring kpc-scale radio
jets and confirm that a powerful jet does not require a large-mass black hole to be
generated. We also find sources dominated by star formation. These NLS1s could be
new candidates in investigating the radio emission of different mechanisms.
Key words: galaxies: active; galaxies: nuclei; galaxies: Seyfert; galaxies: jets; radio
continuum: galaxies
1 INTRODUCTION
Narrow-line Seyfert 1 galaxies (NLS1s), which are a sub-
class of active galactic nuclei (AGN), are identified by their
unusual optical spectral properties. They exhibit Balmer
lines from the broad-line region (BLR) with a full width at
half maximum of FWHM(Hβ) < 2000 km s−1 which is only
slightly broader than forbidden lines, and a flux ratio of [O
III]λ5007 / Hβ < 3 (Osterbrock & Pogge 1985; Goodrich
1989). Besides, NLS1s show several extreme optical and
? E-mail: sina.chen.120@gmail.com
X-ray properties, such as strong Fe II multiplets emission
(Boroson & Green 1992), frequently observed blueshifted
line profiles (Zamanov et al. 2002; Boroson 2005; Leighly
& Moore 2004), soft X-ray spectra (Wang et al. 1996; Boller
et al. 1996; Leighly 1999a), and rapid X-ray variability
(Pounds et al. 1995; Leighly 1999b). Many studies suggest
that NLS1s are powered by a relatively low-mass central
black hole with MBH ∼ 106−8M, with respect to broad-line
Seyfert 1 galaxies (BLS1s) with MBH ∼ 107−9M (Ja¨rvela¨
et al. 2015; Cracco et al. 2016; Chen et al. 2018). Since
the bolometric luminosity of NLS1s is comparable to that
of BLS1s, a low black hole mass corresponds to a high Ed-
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dington ratio (Boroson & Green 1992; Collin & Kawaguchi
2004). These properties suggest that NLS1s are likely to be a
young and fast-growing phase of AGN (Mathur 2000; Grupe
2000). Another possibility is that the low black hole mass of
NLS1s is just an inclination effect, due to the pole-on ori-
entation of a disk-like BLR which prevents us from seeing
any Doppler broadening (Decarli et al. 2008). However, sev-
eral studies reveal that this hypothesis is likely not true in
the majority of NLS1s and the differences between BLS1
and NLS1 populations should be intrinsic rather than just
due to orientation effects (Kollatschny & Zetzl 2011, 2013;
Ja¨rvela¨ et al. 2017; Komossa 2018; Vietri et al. 2018; Berton
et al. 2020b).
The majority of NLS1 population is radio-quiet (RQ)
with a radio loudness of R < 10 1. The radio-loud (RL)
fraction of NLS1s is very small, only ∼ 7% with R > 10
and ∼ 2.5% with R > 100 (Komossa et al. 2006), com-
pared with that of BLS1s and quasars about ∼ 10% - 15%
(Ivezic´ et al. 2002). However, the definition of radio loudness
could be misleading, especially for NLS1s (Foschini 2011b;
Berton et al. 2020a). For instance, star formation can pro-
duce strong radio emission at low frequencies in late-type
galaxies. AGN with such kind of host galaxies may be clas-
sified as RL even without launching a relativistic jet (Cac-
cianiga et al. 2015; Ganci et al. 2019). On the contrary, if the
relativistic jet is faint, or absorbed by ionized material at low
frequencies, or misaligned, the radio emission is weak thus
the AGN may be classified as RQ (Foschini 2011a, 2012). In-
deed, radio observations found some jet-like structures in RQ
Seyfert galaxies (Mundell et al. 2009; Giroletti & Panessa
2009; Doi et al. 2013). Moreover, La¨hteenma¨ki et al. (2018)
found strong radio emission at ∼ 1 Jy level at 37 GHz from
sources formerly classified as RQ. Such strong radio emission
at such a high frequency can not be explained by radiation
from supernova remnants and can only be produced by a rel-
ativistic jet. Indeed, Padovani (2017) suggested that AGN
should be classified as jetted and non-jetted AGN, instead
of using the R parameter. Jetted sources are characterized
by powerful relativistic jets. Instead, non-jetted sources do
not launch a jet but may have outflows with considerably
less power compared to jetted sources. This classification is
based on physical differences rather than observational phe-
nomena.
RL NLS1s are more likely to harbor powerful relativis-
tic jets, which are the predominant origin of the radio, op-
tical, partially X-ray, and in some cases, γ-ray radiation.
The discovery of γ-ray emission from RL NLS1s detected by
the Fermi Large Area Telescope (LAT) confirmed the pres-
ence of relativistic beamed jets in this type of AGN along
with blazars and radio galaxies (Abdo et al. 2009a,b,c; Fos-
chini et al. 2011, 2015; Yao et al. 2015; Liao et al. 2015;
D’Ammando et al. 2015, 2016; Paliya & Stalin 2016; Berton
et al. 2017; Paliya et al. 2018; La¨hteenma¨ki et al. 2018;
Yao et al. 2019). In addition, radio observations of sev-
eral RL NLS1s by the Very Long Baseline Array (VLBA)
showed that they exhibit pc-scale radio jets, compact radio
morphologies, flat or inverted radio spectra, high brightness
1 The radio loudness is defined as the ratio of 5 GHz radio flux
density and optical B-band flux density R = S 5GHz/S 4400Å (Keller-
mann et al. 1989).
temperatures, and a significant degree of polarization (Abdo
et al. 2009a,b; Gu et al. 2015; Lister et al. 2018). Some radio
monitoring campaigns also revealed the presence of fast and
intense variability which is a common feature of relativistic
jets (Foschini et al. 2012; Angelakis et al. 2015; Fuhrmann
et al. 2016). In some cases, apparent superluminal motion is
observed as well (Lister et al. 2013, 2016, 2019). These find-
ings pose a challenging question about the generation and
evolution of the jet system in NLS1s harboring a relatively
undermassive black hole.
The origin of the radio emission in RQ NLS1s is not
established yet. The possible mechanisms might include a
low-power jet, an AGN driven outflow, an accretion disk
corona, star formation, and a combination of them (Panessa
et al. 2019). The difference between a jet and an outflow
depends on whether the ejected plasma is collimated or not
(Begelman et al. 1984). The jet-base and outflow-base are
typically confined in a compact radio core at pc-scale with a
flat spectral slope (Blandford & Ko¨nigl 1979; Reynolds 1982;
Mundell et al. 2000; Blustin & Fabian 2009; Jiang et al.
2010; Steenbrugge et al. 2011; Faucher-Gigue`re & Quataert
2012; Zakamska & Greene 2014; Nims et al. 2015; Lena et al.
2015). They show extended structures that could be resolved
at various scales from pc to kpc depending on the size of
the jet or outflow and normally have a steep spectral slope.
However, it is hard to separate them based on radio infor-
mation only. Further analyses on optical, ultraviolet (UV),
and X-ray are required. If the radio emission in RQ sources
has a coronal origin, their images could be similar to the
jet-base or outflow-base exhibiting a compact radio core at
pc-scale with a flat spectral slope (Guedel & Benz 1993;
Laor & Behar 2008; Raginski & Laor 2016). Star formation
from supernova remnants can also give rise to radio emission
(Padovani et al. 2011; Condon et al. 2013; White et al. 2015;
Zakamska et al. 2016; Kellermann et al. 2016; Brown et al.
2017; Tabatabaei et al. 2017). It is usually circumnuclear in
NLS1s at the host galaxy scale and characterized by a steep
spectral slope.
In order to study the radio properties of NLS1s and to
identify sources with large radio jets, we proposed new obser-
vations with the Karl G. Jansky Very Large Array (JVLA,
Proposal ID: VLA/18B-126). This paper presents the main
results of this survey and is organized as follows. In Section
2 we describe the data reduction, in Section 3 we present the
data analysis, in Section 4 we discuss the individual sources,
and in Section 5 we provide the summary. Throughout this
work, we adopt a standard ΛCDM cosmology with a Hub-
ble constant H0 = 70 km s−1 Mpc−1, ΩΛ = 0.73 and ΩM =
0.27 (Komatsu et al. 2011). We assume the flux density and
spectral index convention at observed frequency is S ν ∝ ν−α.
2 DATA REDUCTION
The targets were selected from Chen et al. (2018), who
presented a catalog of NLS1s in the southern hemisphere.
It includes 168 2 NLS1s which were classified according to
2 There are 167 NLS1s in Chen et al. (2018). We included one
more source IRAS 13224-3809 as it was classified as NLS1 in
Boller et al. (1993) and also detected with the 6dFGS.
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their optical spectra from the Six-degree Field Galaxy Sur-
vey (6dFGS) 3. We observed 62 sources which are higher
than the declination limit of the JVLA (-30◦). The redshifts
of these targets range from 0.01 to 0.44.
We were granted 55 hours observing time in C-
configuration centered at 5.5 GHz with a bandwidth of
2 GHz and an angular resolution of 3.5 arcsec for this
NLS1 sample. These observations were carried out between
November 2018 and February 2019 with an exposure time
of 30 minutes on each target, yielding an image sensitiv-
ity around 7 µJy beam−1. Such a resolution and sensitiv-
ity enable us to see diffuse emission that is missing in A-
configuration and discover extended structure. We reduced
the data using the JVLA calibration pipeline version 5.4.0
and the Common Astronomy Software Applications (CASA)
version 5.5.0. A standard flux density calibrator, 3C 147 or
3C 286, was used for every target. The measurement set is
split into 16 spectral windows (centered on 4.55, 4.68, 4.81,
4.94, 5.06, 5.19, 5.32, 5.45, 5.55, 5.68, 5.81, 5.94, 6.06, 6.19,
6.32, 6.45 GHz).
To produce the radio maps, we used a cell size of 0.5
arcsec to properly sample the beam that has a FWHM of
3.5 arcsec. The maps were created in a region of 2048 ×
2048 pixels centered on the source coordinates to check for
the presence of nearby sources. We modeled the main target
along with the nearby sources using the CLEAN algorithm
in all spectral windows to avoid the contamination from side-
lobes. If a bright source is outside the mapped region and
its sidelobes do affect the target, we enlarged the image to
include the bright source. In this way, we can model the ex-
tra source to reduce its effect. We used a natural weighting
to create the first tentative image. For some faint sources,
the noise level approaches the predicted image sensitivity of
∼ 7 µJy beam−1 after the first cleaning, and we did not pro-
ceed any further. Conversely, the noise level of some bright
sources remained high after the first cleaning, and we applied
iterative cycles of phase-only self-calibration with a Briggs
weighting, intermediate between natural and uniform, on the
visibilities to improve the dynamic range of the final maps.
We modeled the source with a Gaussian fit on the im-
age plane and deconvolved it from the beam, to recover the
radio position, the core size and its position angle, and the
integrated and peak flux densities, S int and S p, centered at
5.5 GHz. If the core size is too small to be determined com-
pared to the beam size, we adopted a half beam size as an
upper limit for the core size. We only modeled the central
core if the source is resolved in more than one component.
Thus we remark that our flux densities could be underesti-
mated if the source displays some resolved structures. For a
few sources, the integrated flux density is less than the peak
flux density due to either the small core size with respect
to the beam size or errors in the estimation of the inte-
grated flux density. In this case, we treated S p as the upper
limit of S int. The root-mean-square (RMS) was estimated in
a source-free region. The errors of each measurement were
produced by CASA. We obtained the integrated flux densi-
ties ranging from 0.05 to 21.28 mJy and the average RMS
of 10 µJy beam−1.
In addition, we created another two maps centered at
3 http://www-wfau.roe.ac.uk/6dFGS/
5 and 6 GHz by splitting the data in 0-7 and 8-15 spectral
windows respectively and following the reduction procedures
mentioned above. We then smoothed the 6 GHz image with a
Gaussian kernel to match the resolution of the 5 GHz image
using the task IMSMOOTH, with the aim of evaluating the
in-band spectral index.
In total, 49 sources have a detection in these observa-
tions. 13 sources are not detected or only detected at 3σ
level because (a) the target has either weak radio emission
or high noise background, or (b) the image is affected by
strong sidelobes of a nearby bright source. The detection
rate at 5.5 GHz of this NLS1 sample is 79% (49/62), which
suggests that most NLS1s are radio emitters when observed
with an adequate sensitivity. The radio maps of southern
NLS1s observed with the JVLA are shown in Appendices A
and B.
3 DATA ANALYSIS
3.1 5.5 GHz
We calculated the radio loudness according to the definition
R = S 5GHz/S 4400Å (1)
where S 4400Å is the flux density in optical B-band derived
from the optical spectra (Chen et al. 2018). Despite the
boundary of R = 10 being arbitrary, it can give us an idea
of the fraction of radio flux with respect to optical flux and
make our results comparable to other studies using this pa-
rameter. There are 45 RQ NLS1s in the sample. Only four
sources (J0122-2646, J0452-2953, J0846-1214, and J2021-
2235) have R > 10, but not very high with R ∼ 14-38. The
RL fraction is 6.5% (4/62) in the whole sample. This is con-
sistent with Komossa et al. (2006) who found that the frac-
tion of RL NLS1s is about 7%. However, the radio loudness
strongly depends on whether the optical and radio observa-
tions include the whole galaxy (both AGN and host) or only
the nucleus (Ho & Peng 2001; Kharb et al. 2014). Besides,
the RL fraction tends to be lower in the nearby universe and
be higher with an increasing large-scale environment density
(Cracco et al. 2016; Ja¨rvela¨ et al. 2017).
To study the concentration of radio emission, we esti-
mated the fraction of peak to integrated flux density follow-
ing Berton et al. (2018)
f = S p/S int. (2)
We considered that the radio emission is concentrated (C)
in a compact core at the center if f ≥ 0.5 and is diffuse
(D) in a region slightly larger than the angular resolution if
f < 0.5. In the case of the upper limit of S int equal to S p,
we get f = 1 which means that all the flux densities are
concentrated in a central beam. This fraction ranges from
0.3 to 1. For the majority of NLS1s (45 objects), the radio
emission is mainly concentrated in a central core. Only in
four RQ sources (J0447-0403, J0622-2317, J0845-0732, and
J1937-0613), the radio emission spreads over a region some-
what larger than the core. This could be because Seyfert
galaxies and low luminosity AGN are typically unresolved
at arcsec-scale (Ho & Ulvestad 2001) and confirms that RL
sources do not show a large fraction of diffuse emission.
In addition, we measured the in-band spectral index
MNRAS 000, 1–?? (2020)
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between 5 and 6 GHz αin−band by modeling the spectrum with
a power-law and giving the definition
α = − log(S 2/S 1)
log(ν2/ν1)
(3)
where S 1 and S 2 are the integrated flux densities at the ob-
serving frequencies ν1 = 5 GHz and ν2 = 6 GHz respectively.
There are 18 sources having a flat (F) radio spectrum with
α < 0.5 and 31 sources having a steep (S) radio spectrum
with α ≥ 0.5. The in-band spectral indexes range from -1.91
to 3.11 with a mean value of αin−band = 0.53. Nevertheless,
we remark that the in-band spectral index has large errors
due to the narrow bandwidth between 5 and 6 GHz.
The integrated and peak luminosities, Lint and Lp, at the
observing frequency ν = 5.5 GHz were derived by
Lν = 4piD2LνS ν(1 + z)
(α−1) (4)
where DL is the luminosity distance at a cosmological red-
shift and α is the in-band spectral index. The integrated
luminosities at 5.5 GHz have a range of log Lint ∼ 37.5-40.7
erg s−1 with an average value of log Lint = 39.0 erg s−1.
Besides, we also collected the central black hole mass
from Chen et al. (2018) who estimated the virial black hole
mass via the BLR size and the Hβ line dispersion. The BLR
size was calculated by the relation between the BLR size
and the 5100 Å continuum luminosity (Bentz et al. 2013),
and this relation was derived from reverberation mapping
method (Peterson et al. 2004; Peterson 2014). The black hole
masses have a range of logMBH ∼ 6.0-7.4 M with a mean
value of logMBH = 6.8 M, which are typical for NLS1s.
The distributions of redshift, radio loudness, flux con-
centration, in-band spectral index, integrated luminosity at
5.5 GHz, and black hole mass are plotted in Fig. 1. The
coordinates, redshifts, scale, core sizes, position angles, and
integrated and peak flux densities and luminosities at 5.5
GHz of the sample are listed in Tab. D.1. The radio loud-
ness, flux concentration, in-band spectral index between 5
and 6 GHz, different classifications, flux density in optical
B-band, and black hole mass are reported in Tab. D.2.
3.2 1.4 GHz
Among this sample, 21 NLS1s have a detection at 1.4 GHz,
including five sources from the Faint Images of the Radio
Sky at Twenty-Centimeters (FIRST) with a resolution of 5
arcsec (Helfand et al. 2015) and 16 sources from the NRAO
VLA Sky Survey (NVSS) with a large restoring beam of 45
arcsec (Condon et al. 1998). If a source was detected with
both surveys, we applied the flux density from the FIRST as
it has a better angular resolution. Their flux densities range
from 1.2 to 59.8 mJy.
We computed the radio loudness for these 21 sources
using Eq. 1. The radio flux density at 5 GHz is derived from
that at 1.4 GHz under the hypothesis of a power-law spec-
trum and a conservative spectral index α = 0.5. The RL
and RQ classifications in the two frequencies appear robust,
as they are consistent in 20 objects and differ in just one
case, J1511-2119, a source lying close to the R ∼ 10 thresh-
old, which is classified as RQ using the 5.5 GHz flux but
becomes RL using the 1.4 GHz flux.
We also measured the spectral index between 1.4 and
5.5 GHz α1.4−5.5 using Eq. 3. It ranges from -0.04 to 1.12
Figure 1. The distributions of redshift, radio loudness, flux con-
centration, in-band spectral index, integrated luminosity at 5.5
GHz, and black hole mass (from top to bottom panels) using
0.025, 2.5, 0.05, 0.25, 0.25, and 0.1 bin width respectively.
and has an average of 0.73. As a comparison, we plotted
α1.4−5.5 versus αin−band for 21 NLS1s shown in Fig. 2. We
note that 16 sources keep the same spectral class, while five
sources (J0354-1340, J0400-2500, J0549-2425, J0622-2317,
and J1638-2055) show a difference in the spectral class. Be-
sides, 14 and seven objects stay below and above the 1:1
ratio line indicating that the spectra become steeper and
flatter toward higher frequencies respectively. Nevertheless,
we remark that the spectral index between 1.4 and 5.5 GHz
could be biased due to flux density variability and different
beam sizes during these non-simultaneous observations.
The luminosity at 1.4 GHz of 21 sources was computed
using Eq. 4 as well, where the spectral index between 1.4 and
5.5 GHz was used. It comes within a range of log L1.4 ∼ 37.0-
40.5 erg s−1 and has a mean value of log L1.4 = 39.2 erg s−1.
The flux density, luminosity, radio loudness, spectral index
between 1.4 and 5.5 GHz, and different types based on the
1.4 GHz detections are listed in Tab. D.3.
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Figure 2. The spectral index between 1.4 and 5.5 GHz vs. the
in-band spectral index. The solid black line indicates the 1:1 ratio.
The dashed lines are α1.4−5.5 = 0.5 and αin−band = 0.5.
4 DISCUSSION
4.1 Radio emission concentration
We plotted the distribution of the in-band spectral index
αin−band and the concentration of radio emission f shown in
Fig. 3. As expected, those sources whose flux densities are
not centrally concentrated, basically have steep spectral in-
dexes indicating that the diffuse emission is mainly from an
optically thin region. For the majority of NLS1s, their flux
densities are concentrated in a central core and their spectral
indexes have a wide range from flat to steep. This suggests
that the radio emission of NLS1s originated from either the
core or the extended structure, is mainly concentrated in a
region at arcsec-scale. In addition, Berton et al. (2018) found
that RQ NLS1s usually show diffuse emission surrounding a
central core at the resolution of the JVLA A-configuration.
At mas-scale, Orienti & Prieto (2010) found that the radio
emission of Seyfert galaxies is concentrated in the central
core if a flat spectrum is present, and is extended or diffuse
in a large region if a steep spectrum is present. Hence it may
reveal that the core emission is mainly concentrated at pc-
scale, and the extended or diffuse emission can spread over
a region at kpc-scale.
4.2 Radio spectral slope
We divided this sample into two subsamples: flat and steep
spectral slopes based on the in-band spectral index. The
distributions of radio luminosity and black hole mass for
these two subgroups are shown in Fig. 4. We applied the
Kolmogorov-Smirnov (K-S) test on these parameters to ver-
ify if the flat and steep sources are actually statistically dif-
ferent. The null hypothesis is that two distributions originate
from the same parent population. We applied the rejection
of the null hypothesis at a 99% confidence level correspond-
ing to a value of p ≤ 0.01. The K-S test of radio luminosity
(p ∼ 7.6 × 10−3) suggests that the flat and steep objects
have different origins. Conversely, the K-S test of black hole
mass (p ∼ 0.86) suggests that these two subsamples origi-
Figure 3. The distribution of the in-band spectral index and the
concentration of radio emission. Sources with f = 1 are marked
with right triangles in purple, the others are marked with circles
in red. The dashed lines are αin−band = 0.5 and f = 0.5.
nate from the same parent population. We further applied
the K-S test on the redshift and found that the flat and steep
sources have similar distributions (p ∼ 0.77), which suggests
that the different origins of these two subgroups on the radio
luminosity are not a selection effect and could be intrinsic.
On one hand, these distributions imply that the radio
luminosity may be not related to the black hole mass. On
the other hand, unlike RL NLS1s, flat spectrum objects have
a high radio luminosity compared to steep spectrum objects
(Berton et al. 2018). The majority of NLS1s in our sample
are RQ, the flat sources tend to have a lower radio lumi-
nosity than the steep sources. This may be related to the
different radio mechanisms. The steep-spectrum radio emis-
sion may be originated from an optically thin synchrotron
region, where a misaligned jet, an AGN-driven outflow, or
star-forming activity may be present and superpose on an
optically thick core. The flat-spectrum radio emission may
be produced in a central compact core, which has not yet
developed a radio jet or outflow. Therefore, the steep sources
tend to have a higher radio luminosity than the flat sources
in the RQ NLS1 population.
4.3 Evidence for radio jets
We find one source J0354-1340 that is a jetted NLS1 (details
seen in A3). Its morphology favors an Fanaroff-Riley type
II (FRII) radio galaxy (Fanaroff & Riley 1974). The central
core is compact and bright at radio frequencies. Two compo-
nents located to the south and north of the central core, are
probably the radio lobes showing diffuse emission. Addition-
ally, a hotspot where the relativistic jet terminates in, may
be present in the end of the southern lobe. The projected lin-
ear sizes of the radio lobes are around a hundred kpc, which
are consistent with those of FRII radio galaxies (Hardcas-
tle et al. 1998; Kharb et al. 2008). The luminosity of the
southern lobe is brighter than that of the northern one, in-
dicating that the southern component is the approaching jet
and the northern component is the receding jet. The NVSS
MNRAS 000, 1–?? (2020)
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Figure 4. The numerical distributions of radio luminosity (left panel) and black hole mass (right panel) for the flat (top panels) and
steep (middle panels) subsamples. Bottom panels: the red solid and blue dashed lines represent the cumulative distributions of the flat
and steep subsamples respectively.
map shows an elongated structure which is consistent with
the JVLA C-configuration map exhibiting a core-jet/lobe
morphology. At 5.5 GHz image, the radio lobes are resolved,
and the compact core is the jet-base having a flat in-band
spectral index. At 1.4 GHz image, the radio lobes are unre-
solved, thus the source is dominated by extended emission
giving a steep slope between 1.4 and 5.5 GHz.
The jet speed can be calculated based on the assump-
tions that the morphology and the physical parameters of
the FRII radio galaxy are intrinsically symmetric. The only
difference is caused by different Doppler enhancement, lead-
ing to an amplification of the approaching jet with an ob-
served flux of f+ and a dimming of the receding jet with an
observed flux of f−. The flux ratio can be derived from the
Doppler factors (Beckmann & Shrader 2012)
f+
f−
= (
1 + β cos θ
1 − β cos θ )
(2+α) (5)
where β = v/c, θ is the angle of the jet with respect to the
line of sight, and α is the spectral index of the continuum
emission. If we assume that the jet propagates close to the
speed of light (β ∼ 1), this gives the radial velocity of v cos θ ∼
0.25c and the projected velocity of v sin θ ∼ 0.97c. The age of
the approaching jet can also be evaluated using the projected
linear size over the projected velocity, resulting in a lower
limit for the age of ∼ 3 × 105 years. This lies at the low
tail of the age range of 105 - 107 years found for other RL
NLS1s (Doi et al. 2012; Richards & Lister 2015; Rakshit
et al. 2018).
We further estimated the jet power following two meth-
ods. The first one is adopting the relationships based on the
radio core luminosity at 15 GHz in Foschini (2014)
log Prad = (12 ± 2) + (0.75 ± 0.04) log L15 (6)
and
log Pkin = (6 ± 2) + (0.90 ± 0.04) log L15 (7)
where L15 was derived from the radio core flux at 5.5 GHz
and the in-band spectral index assuming a power-law radio
spectrum. We obtained the jet radiative and kinetic powers
of log Prad = log Pkin = 42.0 ± 2.6 erg s−1, and the total jet
power of log P jet = 42.27 ± 1.81 erg s−1. The second one is
using the relationship based on the radio power at 1.4 GHz
in Cavagnolo et al. (2010)
log Pcav = (0.75 ± 0.14) log P1.4 + (1.91 ± 0.18) (8)
where P1.4 and Pcav are in units 1040 erg s−1 and 1042 erg
s−1 respectively. This gives the jet power of log P jet = 43.51
± 0.20 erg s−1. The jet powers based on two measurements
are consistent within errors and generally less powerful than
flat-spectrum RL NLS1s (Foschini et al. 2015).
In addition, J1615-0936 may also be a jetted NLS1
(details seen in A10). It displays a core-jet/lobe structure
though the radio emission is not so powerful. The western
component and the eastern diffuse emission may be the ra-
dio jets or lobes spreading to a projected linear size of about
8 kpc. At such a scale, the radio emission is probably pro-
duced by a misaligned jet. A steep spectral slope indicates
the source is dominated by extended emission.
Two sources J0952-0136 and J2021-2235 are well stud-
ied in literature and suggested to be jetted NLS1s (details
seen in A7 and A12). J0952-0136 exhibits a resolved and
linear extended structure at pc-scale and a slightly elon-
gated structure at kpc-scale. The radio spectrum is steep
showing that the radiation is originated from an optically
thin source. These indicate that the radio emission is domi-
nated by a misaligned jet at pc-scale (Doi et al. 2013, 2015).
J2021-2235 displays a compact core at kpc-scale and a steep
spectral slope. It has a remarkably high star formation rate
which only account for up to ∼ 30% of the total radio lu-
minosity (Caccianiga et al. 2015). Thus the presence of a
jet is required to explain the non-thermal synchrotron emis-
sion. These suggest that a pc-scale jet and star formation
are co-existing in this source (Berton et al. 2019).
Furthermore, other sources resembling J0952-0136 and
J2021-2235 (e.g. J0452-2953, J0846-1214, and J1511-2119),
may be candidates of harboring a radio jet at pc-scale. They
are characterized by a compact radio core at kpc-scale with
relatively high luminosities and steep spectral slopes, which
reveal that the strong radio emission is generated from an
optically thin source and centrally concentrated at kpc-scale.
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However, high-resolution observations to resolve the central
core are necessary to verify this interpretation.
These jetted NLS1s, especially the FRII-like NLS1
which has a smaller black hole mass than a regular FRII
radio galaxy, confirm our current knowledge that the gener-
ation of relativistic jets does not require a massive black hole.
Indeed, radio emission from kpc-scale jets was discovered in
several NLS1s (Whalen et al. 2006; Anto´n et al. 2008; Gliozzi
et al. 2010; Doi et al. 2012, 2015; Richards & Lister 2015).
Other powerful radio jets were also found in disk galaxies
which are believed to be late-type galaxies (Keel et al. 2006;
Morganti et al. 2011; Kotilainen et al. 2016; Ja¨rvela¨ et al.
2018; Olgu´ın-Iglesias et al. 2020). How is a powerful jet gen-
erated in an AGN with a relatively low-mass black hole?
Other factors, such as the spin of black hole, may also play
an important role in the evolution of relativistic jets (Laor
2000; Foschini 2012). Further studies will be helpful to unveil
this picture.
4.4 Peculiar sources
J0000-0541 is a radio bright source with a compact radio
core and a steep spectral index (details seen in A1). It is cur-
rently unclear if the northwestern source is connected to the
central target since no optical counterpart is associated with
it on the image from the Panoramic Survey Telescope and
Rapid Response System (Pan-STARRS) 4, or if they are two
independent sources since no diffuse emission is connecting
them. A dedicated analysis is needed to clarify if this object
is jetted or non-jetted NLS1.
In addition, we find two sources, J0436-1022 and J1937-
0613, probably dominated by star formation (details seen in
A4 and A11). Their radio emission is extended or diffuse
and has similar morphologies to their host galaxies in the
optical images. Other sources whose radio emission is not
centrally concentrated at kpc-scale, may also have a star-
forming origin. They are characterized by extended or dif-
fuse emission with low luminosities and steep spectral slopes.
Further studies at infrared frequencies may help to clarify
this hypothesis.
Another interesting source may be J0850-0318 (details
seen in A6). It shows a slightly extended morphology with
the C-configuration. The radio luminosity is comparable to a
jetted NLS1 but the spectral index is very steep. This may
suggest that the radio emission is originated from a relic
emission due to a previous AGN activity episode, such as
Mrk 783 (Congiu et al. 2017). However, such extended emis-
sion could be out-resolved in a high-resolution observation
with the A-configuration that we carried out. This results
in a compact core and a spectral index that is broadly con-
sistent with optically thin synchrotron emission. Besides, it
is unclear whether the western source and the central target
are interacting or not. More research is needed to find an
answer.
4 https://panstarrs.stsci.edu/
5 SUMMARY
In this work, we present a new JVLA survey using the C-
configuration at 5.5 GHz of a southern NLS1 sample. There
are 49 sources detected in these observations. The majority
of the sources are observed at radio 5 GHz for the first time.
We reduced their radio maps, measured their flux densities,
and calculated their radio loudness, radio flux concentration,
spectral index, and luminosities. Other properties were also
collected from literature. The main results of this work are
summarized as follow.
1. This work increases the number of radio-detected
NLS1s especially in the southern sky which remains largely
unexplored. It provides good candidates for future observa-
tions with new facilities located in the southern hemisphere,
such as the Atacama Large Millimeter/sub-millimeter Array
(ALMA) and the Square Kilometre Array (SKA).
2. This study confirms that the majority of NLS1s are
unresolved at kpc-scale. The radio emission is generally con-
centrated in a central region, independent on whether the
origin is from a compact core or from extended structures.
Only a few sources show diffuse emission with steep spectral
slopes.
3. We find that the radio luminosity of RQ NLS1s tends
to be higher in steep-spectrum sources and be lower in flat-
spectrum sources, which is in contrast to RL NLS1s. This
may be because the radio emission of steep NLS1s is domi-
nated by misaligned jets, AGN-driven outflows, or star for-
mation superposing on a compact core, while the radio emis-
sion of flat NLS1s is produced by a central core which has
not yet developed large radio jets or outflows.
4. We discover new NLS1s harboring kpc-scale radio
jets, such as J0354-1340 and J1615-0936. Such jetted NLS1s
confirm that a powerful jet does not require a large-mass
black hole to be generated. We also find sources domi-
nated by star formation, such as J0436-1022 and J1937-0613.
These NLS1s could be new candidates in investigating the
radio emission of different mechanisms.
Future high-resolution observations will be necessary to
assess whether the radio properties of this sample have been
correctly interpreted in terms of intrinsic structure. Further
broadband observations will also play an important role in
unveiling the nature of NLS1s.
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APPENDIX A: INDIVIDUAL SOURCES
We present an investigation on individual sources exhibiting
a resolved or slightly resolved morphology in the JVLA maps
or having well studied radio properties in literature.
A1 J0000-0541
This target exhibits a compact core at kpc-scale (Fig. B.1
left panel) with relatively large radio power but small black
hole mass compared to the averages of this sample. The flux
density, luminosity, and black hole mass are S int ∼ 1.16 mJy,
log Lint ∼ 39.16 erg s−1, and logMBH ∼ 6.36 M respectively.
It has a steep spectrum with αin−band ∼ 1.20. This source was
also detected at 1.4 GHz associating with a counterpart of
FIRST J000040.2-054101. It has a flux density of S 1.4 ∼ 3.5
mJy, a luminosity of log L1.4 ∼ 39.03 erg s−1, and a steep slope
of α1.4−5.5 ∼ 0.80.
A northwestern source (centered at R.A. 00:00:38.53
and Dec. -05:40:37.63) has a separation of 34.8 arcsec from
the central target. We overlaid the radio contours on the
optical image from the Pan-STARRS (Fig. C.1 left panel).
No optical counterpart is associated with it and no redshift
is available. This nearby source shows a compact core with
a flux density of S int ∼ 2.05 mJy. It has an associated coun-
terpart of FIRST J000038.5-054037 at 1.4 GHz with a flux
density of S 1.4 ∼ 7.8 mJy. The spectral slope is steep with
αin−band ∼ 1.30 and α1.4−5.5 ∼ 0.97. We added a Gaussian ta-
per with a radius of 10kλ (the longest baseline is 60kλ) to
increase the sensitivity of weak extended emission possibly
connecting these two sources. However, no diffuse emission
is seen between them in the tapered map.
A2 J0350-1025
This source is the faintest one in the sample with a flux
density of S int ∼ 0.06 mJy at redshift z = 0.128. It is unre-
solved at kpc-scale (Fig. B.6 right panel). The luminosity of
log Lint ∼ 38.27 erg s−1 is below the average, while the black
hole mass of logMBH ∼ 6.91 M is above the average. It has
a very steep spectrum with αin−band ∼ 3.11. This object was
not detected at 1.4 GHz.
A nearby source to the west of the target, is associated
with an optical counterpart of 2MASS J03505598-1025556 at
redshift z = 0.071. We overlaid the radio contours on the op-
tical image from the Pan-STARRS (Fig. C.1 middle panel).
It is weak at radio with a flux density of S int ∼ 0.07 mJy and
a luminosity of log Lint ∼ 37.66 erg s−1. The spectrum is steep
with αin−band ∼ 1.4. No detection at 1.4 GHz is available.
A3 J0354-1340
This target has a very compact central core at kpc-scale
with a flux density of S int ∼ 5.09 mJy. The JVLA map is
shown in Fig. A.1. The luminosity and black hole mass are
log Lint ∼ 39.58 erg s−1 and logMBH ∼ 6.99 M respectively,
which are higher than the mean values of this sample. The
in-band spectral slope is flat with αin−band ∼ 0.12.
A southern component (centered at R.A. 03:54:32.09
and Dec. -13:41:08.46) has a separation of 62.2 arcsec from
the central target. At redshift z = 0.076, the projected linear
size is 93.5 kpc. The flux density and luminosity are S int ∼
1.35 mJy and log Lint ∼ 39.05 erg s−1 respectively, which are
weaker than the central core. It shows diffuse emission. We
measured a spectral index of αin−band ∼ 1.7 which is steeper
than the core.
A northern component (centered at R.A. 03:54:32.95
and Dec. -13:39:11.57) has a separation of 55.7 arcsec from
the central target, corresponding to a projected linear size of
83.9 kpc. The flux density and luminosity are S int ∼ 0.45 mJy
and log Lint ∼ 38.43 erg s−1 respectively, which are fainter and
more diffuse than the southern one. We did not measure its
spectral index because it is not detected in the 5 and 6 GHz
images which have a higher RMS than the original one.
This source was also detected at 1.4 GHz associating
with a counterpart of NVSS J035432-134012. The NVSS
map exhibits an elongated structure shown in Fig. A.2. The
southern and northern components are unresolved. It has a
flux density of S 1.4 ∼ 14.9 mJy, a luminosity of log L1.4 ∼ 39.47
erg s−1, and a steep slope of α1.4−5.5 ∼ 0.78. We overlaid the
radio contours on the optical image from the Pan-STARRS
(Fig. C.1 right panel) and found that no optical counterpart
is associated with the southern and northern components.
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Figure A.1. J0354-1340 with the JVLA observation, rms = 8
µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,7], beam size 7.38
× 3.47 kpc.
A4 J0436-1022 (Mrk 618)
Mrk 618 looks like a spiral galaxy on the optical image
from the Pan-STARRS (Fig. C.2 left panel). The JVLA map
shows an extended morphology at kpc-scale (Fig. B.9 right
panel) with a flux density of S int ∼ 4.62 mJy. The southern
extended structure is twice as bright as the northern one. We
overlaid the radio contours on the optical image and found
that the morphology of the extended structure in the radio
map is coincident with that of the host galaxy in the optical
image. The spectral slope is steep with αin−band ∼ 0.60. It has
a luminosity of log Lint ∼ 38.86 erg s−1 and a black hole mass
of logMBH ∼ 6.90 M, which are at an intermediate level.
This object was detected with the NVSS at 1.4 GHz giv-
ing a flux density of S 1.4 ∼ 17.0 mJy, a luminosity of log L1.4 ∼
38.83 erg s−1, and a steep spectral index of α1.4−5.5 ∼ 0.95. It
was also observed with the VLA A-configuration at 8.4 GHz
having a flux density of S 8.4 ∼ 2.9 mJy (Thean et al. 2000).
The source displays a compact core in the 8.4 GHz map,
where the northern and southern extended structure in the
5.5 GHz map is probably out-resolved at a high-resolution
observation. We modeled the radio spectrum between 1.4
and 8.4 GHz with a power-law yielding a steep spectral in-
dex of α1.4−8.4 ∼ 0.98, as shown in Fig. A.3.
Figure A.2. J0354-1340 with the NVSS detection, rms = 300
µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,3], beam size
60.41 × 60.41 kpc.
Figure A.3. The radio spectra with a power-law fit of J0436-
1022 (circles and dashed line), J0850-0318 (stars and solid line),
and J1511-2119 (squares and dashdot line).
A5 J0447-0508
This source has a compact core at kpc-scale (Fig. B.10 right
panel) with a flux density of S int ∼ 4.04 mJy. The luminosity
is slightly higher than the average and the black hole mass
is comparable to the average, having log Lint ∼ 39.56 erg s−1
and logMBH ∼ 6.85 M respectively. The spectral slope is
steep with αin−band ∼ 0.83. It was not detected at 1.4 GHz.
We note a very bright radio source to the northeast of
the central target. It is a typical FRII radio galaxy according
to the morphology. The central core is probably hidden. The
radio emission is dominated by the radio lobes on both sides.
Two hotspots are likely to be present at the end of the radio
lobes. It has a flux density of S int ∼ 22.70 mJy and a steep
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slope of αin−band ∼ 0.66. This radio galaxy has an associated
counterpart of NVSS J044722-050750 at 1.4 GHz, with a
flux density of S 1.4 ∼ 68.4 mJy and a steep spectral index of
α1.4−5.5 ∼ 0.81. We overlaid the radio contours on the optical
image from the Pan-STARRS (Fig. C.2 middle panel). It
could be associated with an optical counterpart of 2MASS
J04472253-0507494, but no redshift is available.
A6 J0850-0318
This target shows a slightly extended structure at kpc-scale
(Fig. B.15 left panel) with a flux density of S int ∼ 0.43 mJy.
Its radio power is at a mean level with log Lint ∼ 39.30 erg
s−1. But the black hole mass is large in this sample with
logMBH ∼ 7.17 M. It has a steep spectral index of αin−band ∼
2.15.
We overlaid the radio contours on the optical image
from the Pan-STARRS (Fig. C.2 right panel), and note that
a nearby source to the west of the central target is associated
with an optical counterpart of 2MASS J08502683-0318107.
But no redshift is available. It has a flux density of S int ∼ 0.37
mJy and a very steep slope of αin−band ∼ 2.38. To highlight
the sensitivity of weak diffuse emission possibly connecting
these two sources, we added a Gaussian taper with a radius
of 30kλ (the longest baseline is 170kλ). Even in the tapered
map, the two sources do not appear to be connected. Besides,
they were not detected with the 1.4 GHz surveys.
This target was also observed with the JVLA A-
configuration in L, C, and X bands (Proposal ID: VLA/19B-
285) for the purpose of studying the steep in-band spectral
index. The exposure time is 10 minutes on source in each
band, yielding an average RMS of 30 µJy beam−1. It exhibits
a compact core in the A-array images at all frequencies. The
flux densities are S 1.5 ∼ 0.92 mJy, S 5.2 ∼ 0.34 mJy, and S 9.0 ∼
0.23 mJy. We modeled the radio spectrum from 1.5 to 9.0
GHz with a power-law giving a simultaneous steep slope of
α1.5−9.0 ∼ 0.78, as shown in Fig. A.3. The nearby source was
not detected with the A-array due to either the emission be-
ing out-resolved or the high RMS compared with the C-array
observation.
A7 J0952-0136 (Mrk 1239)
Mrk 1239 is a well studied object in literature. It exhibits
a very compact core with the C-configuration at 5.5 GHz
(Fig. B.15 right panel) and has a flux density of S int ∼ 21.28
mJy. The radio luminosity is at an intermediate level with
log Lint ∼ 39.01 erg s−1. The black hole mass is relatively
small with logMBH ∼ 6.33 M, which is consistent with other
measurements in the range of logMBH ∼ 5.89-7.02 M (Ryan
et al. 2007; Berton et al. 2015). The radio spectrum is steep
with αin−band ∼ 0.91. This object was also observed with the
A-configuration at 5 GHz giving similar measurements and
showing extended emission (Berton et al. 2018).
Other frequency observations are available as well for
this target. At 1.4 GHz, it has a flux density of S 1.4 ∼ 59.8
mJy with the FIRST detection, yielding a luminosity of
log L1.4 ∼ 38.86 erg s−1 and a steep slope of α1.4−5.5 ∼ 0.76.
In addition, a VLBA observation at 1.7 GHz gave a flux
density of S 1.7 ∼ 41.8 mJy and provided an image exhibiting
a resolved and linear extended structure (Doi et al. 2013,
2015). Another observation with the VLA A-configuration
at 8.5 GHz also displayed a slightly elongate structure and
gave a flux density of S 8.5 ∼ 14.6 mJy (Orienti & Prieto
2010; Doi et al. 2013). Furthermore, a radio spectrum was
derived by Doi et al. (2013) with a VLA B-configuration
quasi-simultaneous observation, finding spectral indexes of
α1.4−5 ∼ 0.52 at 1.4-5 GHz, α5−8.5 ∼ 0.94 at 5-8.5 GHz, and
α8.5−15 ∼ 1.64 at 8.5-15 GHz, which become steeper toward
higher frequencies. Besides, this source was not detected at
22 GHz, which could be due to the steep spectral slope lead-
ing to the flux density at 22 GHz below the limit of the
instrument (Doi et al. 2016).
A8 J1014-0418 (PG 1011-040)
This target is in the PG quasar sample (Boroson & Green
1992). It is a RQ source having a slightly extended struc-
ture at kpc-scale (Fig. B.16 left panel) and a flux density of
S int ∼ 0.38 mJy. The radio power is relatively weak with a
luminosity of log Lint ∼ 38.23 erg s−1. The black hole mass is
logMBH ∼ 6.86 M which is at a mean level and in agreement
with previous study (Davis & Laor 2011). The spectral slope
is steep with αin−band ∼ 0.79. It was not detected at 1.4 GHz.
Additionally, this object was also observed with the A-array
at 5 GHz giving a similar flux density and with the B-array
at 8.5 GHz giving S 8.5 ∼ 0.27 mJy, which result in a steep
slope of α5−8.5 ∼ 0.57 between 5 and 8.5 GHz (Kellermann
et al. 1989; Laor et al. 2019).
A9 J1511-2119
This source has a very compact core at kpc-scale (Fig. B.20
left panel) with a flux density of S int ∼ 18.19 mJy. It is a radio
bright object with log Lint ∼ 39.66 erg s−1 above the average,
but has a small black hole with logMBH ∼ 6.63 M below
the average. It was detected at 1.4 GHz with an associated
counterpart of NVSS J151159-211900. The flux density and
luminosity are S 1.4 ∼ 46.9 mJy and log L1.4 ∼ 39.48 erg s−1 re-
spectively. The spectral slope is steep with αin−band ∼ 0.81 and
α1.4−5.5 ∼ 0.69. An observation with the VLA A-configuration
at 8.4 GHz gave a flux density of S 8.4 ∼ 7.8 mJy and a slightly
extended morphology (Thean et al. 2000). We modeled the
radio spectrum from 1.4 to 8.4 GHz with a power-law ob-
taining a steep spectral index of α1.4−8.4 ∼ 0.93, as shown in
Fig. A.3.
A10 J1615-0936
This target is detected at radio frequencies for the first time,
no previous detection with the 1.4 GHz surveys. The central
core is slightly extended at kpc-scale (Fig. B.21 left panel)
with a flux density of S int ∼ 0.68 mJy. The luminosity and
black hole mass are below and above the averages having
log Lint ∼ 38.59 erg s−1 and logMBH ∼ 6.94 M respectively. It
has a steep radio spectrum with αin−band ∼ 1.15.
A nearby component (centered at R.A. 16:15:18.66 and
Dec. -09:36:12.75) to the west of the central core, has a sep-
aration of 5.9 arcsec corresponding to a projected linear size
of 7.7 kpc at z = 0.065. We overlaid the radio contours on the
optical image from the Pan-STARRS (Fig. C.3 left panel).
No optical counterpart is associated with it. The flux density
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and luminosity are S int ∼ 0.15 mJy and log Lint ∼ 37.91 erg
s−1 respectively, which are weaker than the central core. It
shows slightly diffuse emission. The spectral slope is steeper
than the core with αin−band ∼ 1.6.
A11 J1937-0613
This target exhibits diffuse emission around the central core
at kpc-scale (Fig. B.23 right panel) with a flux density of
S int ∼ 12.12 mJy. The luminosity and black hole mass are
log Lint ∼ 38.20 erg s−1 and logMBH ∼ 6.03 M respectively,
which are lower than the average values. It was also detected
at 1.4 GHz associating with a counterpart of NVSS J193733-
061304. The flux density and luminosity are S 1.4 ∼ 42.2 mJy
and log L1.4 ∼ 38.15 erg s−1 respectively. The spectrum is
steep with αin−band ∼ 0.64 and α1.4−5.5 ∼ 0.91. It looks like a
spiral galaxy on the optical image from the Pan-STARRS
(Fig. C.3 middle panel). We overlaid the radio contours on
the optical image and found that the morphology of the
diffuse emission is similar to that of the host galaxy.
A12 J2021-2235
This target is one of the RL NLS1s in the sample with a flux
density of S int ∼ 9.47 mJy. It is a radio bright source hav-
ing log Lint ∼ 40.70 erg s−1, which is consistent with previous
study (Komossa et al. 2006). The black hole mass is rela-
tively small with logMBH ∼ 6.65 M, which lies in the range
of logMBH ∼ 6.48-7.57 M according to different methods
(Komossa et al. 2006; Foschini et al. 2015). It has an associ-
ated counterpart of NVSS J202104-223520 at 1.4 GHz with
a flux density of S 1.4 ∼ 24.6 mJy and a luminosity of log L1.4 ∼
40.50 erg s−1. The spectral slope is steep with αin−band ∼ 0.95
and α1.4−5.5 ∼ 0.70. This source exhibits a compact core at
kpc-scale (Fig. B.24 left panel). An optical morphological
study reveals that it is interacting with a nearby galaxy to
the northeast of the target (Berton et al. 2019). We over-
laid the radio contours on the optical image from the Pan-
STARRS (Fig. C.3 right panel). The nearby galaxy can not
be resolved in the current JVLA map.
APPENDIX B: RADIO MAPS
APPENDIX C: OPTICAL IMAGES OVERLAID
WITH RADIO CONTOURS
APPENDIX D: TABLES
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Figure B.1. left panel: J0000-0541, rms = 8 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,6], beam size 11.58 × 8.37 kpc. right panel:
J0022-1039, rms = 6 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,4], beam size 44.67 × 31.72 kpc.
Figure B.2. left panel: J0122-2646, rms = 55 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,2], beam size 120.29 × 35.55 kpc. right
panel: J0138-0109, rms = 8 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,3], beam size 37.10 × 26.15 kpc.
Figure B.3. left panel: J0159-1128, rms = 5 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,2], beam size 12.92 × 9.22 kpc. right panel:
J0203-1247, rms = 5 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,4], beam size 3.82 × 1.42 kpc.
MNRAS 000, 1–?? (2020)
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Figure B.4. left panel: J0212-0201, rms = 6 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,3], beam size 73.33 × 47.79 kpc. right panel:
J0213-0551, rms = 5 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,3], beam size 12.24 × 9.13 kpc.
Figure B.5. left panel: J0230-0859, rms = 9 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,5], beam size 1.50 × 0.92 kpc. right panel:
J0239-1118, rms = 6 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,4], beam size 19.13 × 12.45 kpc.
Figure B.6. left panel: J0347-1325, rms = 6 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,5], beam size 17.82 × 13.10 kpc. right panel:
J0350-1025, rms = 5 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,1], beam size 10.83 × 9.72 kpc.
MNRAS 000, 1–?? (2020)
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Figure B.7. left panel: J0351-0526, rms = 5 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,2], beam size 6.51 × 3.52 kpc. right panel:
J0400-2500, rms = 19 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,4], beam size 17.04 × 13.46 kpc.
Figure B.8. left panel: J0413-0050, rms = 7 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,2], beam size 3.22 × 1.98 kpc. right panel:
J0422-1854, rms = 9 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,5], beam size 9.00 × 4.84 kpc.
Figure B.9. left panel: J0435-1643, rms = 5 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,3], beam size 21.33 × 9.02 kpc. right panel:
J0436-1022, rms = 11 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,6], beam size 9.22 × 2.65 kpc.
MNRAS 000, 1–?? (2020)
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Figure B.10. left panel: J0447-0403, rms = 5 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,1], beam size 3.39 × 1.84 kpc. right panel:
J0447-0508, rms = 15 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,6], beam size 7.44 × 3.39 kpc.
Figure B.11. left panel: J0452-2953, rms = 8 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,6], beam size 40.37 × 25.70 kpc. right
panel: J0455-1456, rms = 5 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,3], beam size 12.13 × 7.22 kpc.
Figure B.12. left panel: J0549-2425, rms = 10 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,5], beam size 5.95 × 2.43 kpc. right panel:
J0622-2317, rms = 10 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,3], beam size 8.89 × 3.67 kpc.
MNRAS 000, 1–?? (2020)
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Figure B.13. left panel: J0842-0349, rms = 9 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,3], beam size 43.52 × 29.16 kpc. right
panel: J0845-0732, rms = 7 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,2], beam size 9.62 × 5.58 kpc.
Figure B.14. left panel: J0846-1214, rms = 13 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,7], beam size 9.14 × 4.93 kpc. right panel:
J0849-2351, rms = 6 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,5], beam size 15.29 × 4.36 kpc.
Figure B.15. left panel: J0850-0318, rms = 6 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,4], beam size 12.25 × 9.91 kpc. right panel:
J0952-0136, rms = 20 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,8], beam size 3.63 × 1.63 kpc.
MNRAS 000, 1–?? (2020)
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Figure B.16. left panel: J1014-0418, rms = 6 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,3], beam size 9.34 × 4.91 kpc. right panel:
J1015-1652, rms = 5 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,2], beam size 46.56 × 24.32 kpc.
Figure B.17. left panel: J1044-1826, rms = 10 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,5], beam size 8.66 × 6.96 kpc. right panel:
J1147-2145, rms = 15 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,5], beam size 44.47 × 20.74 kpc.
Figure B.18. left panel: J1225-0418, rms = 5 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,4], beam size 17.65 × 12.54 kpc. right
panel: J1337-0902, rms = 6 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,3], beam size 17.23 × 7.44 kpc.
MNRAS 000, 1–?? (2020)
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Figure B.19. left panel: J1345-0259, rms = 9 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,3], beam size 8.20 × 6.78 kpc. right panel:
J1423-0923, rms = 6 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,2], beam size 5.42 × 2.50 kpc.
Figure B.20. left panel: J1511-2119, rms = 21 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,8], beam size 7.07 × 3.02 kpc. right panel:
J1522-0644, rms = 8 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,7], beam size 11.46 × 7.32 kpc.
Figure B.21. left panel: J1615-0936, rms = 7 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,4], beam size 5.17 × 2.17 kpc. right panel:
J1616-1014, rms = 5 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,2], beam size 6.73 × 2.66 kpc.
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Figure B.22. left panel: J1628-0304, rms = 6 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,1], beam size 9.58 × 2.99 kpc. right panel:
J1638-2055, rms = 11 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,6], beam size 4.22 × 2.01 kpc.
Figure B.23. left panel: J1646-1124, rms = 22 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,7], beam size 10.09 × 5.26 kpc. right
panel: J1937-0613, rms = 9 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,7], beam size 0.95 × 0.72 kpc.
Figure B.24. left panel: J2021-2235, rms = 12 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,7], beam size 28.12 × 14.02 kpc. right
panel: J2143-2958, rms = 8 µJy beam−1, contour levels at −3, 3 × 2n, n ∈ [0,2], beam size 25.77 × 10.94 kpc.
MNRAS 000, 1–?? (2020)
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Figure C.1. Left: J0000-0541, middle: J0350-1025, right: J0354-1340.
Figure C.2. Left: J0436-1022, middle: J0447-0508, right: J0850-0318.
Figure C.3. Left: J1615-0936, middle: J1937-0613, right: J2021-2235.
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Table D.2. The radio and optical properties of the southern NLS1 sample
Name Radio loudness Flux concentration Spectral slope S 4400Å logMBH
- R5.5 RL/RQ f C/D αin−band F/S (10−17 erg s−1 cm−2 Å−1) (M)
J0000-0541 5.1 ± 1.2 RQ 0.91 ± 0.01 C 1.2 ± 0.11 S 36.8 ± 8.74 6.36 ± 0.14
J0022-1039 3.1 ± 0.7 RQ 0.83 ± 0.05 C 1.07 ± 0.4 S 26.64 ± 6.02 7.23 ± 0.12
J0122-2646 38.2 ± 19.3 RL 0.88 ± 0.11 C 1.08 ± 0.5 S 4.0 ± 1.97 6.59 ± 0.17
J0138-0109 0.7 ± 0.1 RQ 0.91 ± 0.06 C 0.09 ± 0.47 F 54.24 ± 6.55 7.29 ± 0.11
J0159-1128 0.4 ± 0.1 RQ 0.79 ± 0.07 C -0.71 ± 0.5 F 44.76 ± 12.3 6.99 ± 0.12
J0203-1247 0.7 ± 0.1 RQ 0.88 ± 0.03 C 0.92 ± 0.36 S 80.4 ± 7.89 6.46 ± 0.11
J0212-0201 6.4 ± 1.7 RQ 0.97 ± 0.04 C 0.35 ± 0.29 F 5.82 ± 1.52 7.0 ± 0.17
J0213-0551 1.1 ± 0.2 RQ 0.82 ± 0.05 C 0.67 ± 0.49 S 29.53 ± 5.37 6.76 ± 0.12
J0230-0859 0.3 ± 0.0 RQ 0.83 ± 0.02 C -1.91 ± 0.73 F 628.89 ± 62.85 6.29 ± 0.11
J0239-1118 4.0 ± 1.2 RQ 1.0 ± 0.02 C 0.66 ± 0.24 S 13.19 ± 3.78 6.82 ± 0.12
J0347-1325 3.0 ± 0.8 RQ 1.0 ± 0.01 C 0.78 ± 0.1 S 34.22 ± 9.38 6.87 ± 0.11
J0350-1025 0.3 ± 0.1 RQ 1.0 ± 0.04 C 3.11 ± 0.53 S 29.82 ± 6.59 6.91 ± 0.12
J0351-0526 0.3 ± 0.0 RQ 0.76 ± 0.08 C -0.04 ± 0.72 F 65.58 ± 6.08 6.53 ± 0.11
J0354-1340 5.7 ± 0.6 RQ 1.0 ± 0.01 C 0.12 ± 0.06 F 145.36 ± 15.7 6.99 ± 0.11
J0400-2500 2.2 ± 0.1 RQ 1.0 ± 0.02 C -0.81 ± 0.22 F 91.2 ± 5.71 6.67 ± 0.11
J0413-0050 0.6 ± 0.1 RQ 0.87 ± 0.07 C 0.28 ± 0.68 F 43.82 ± 10.74 6.46 ± 0.12
J0422-1854 2.3 ± 0.3 RQ 0.95 ± 0.02 C 0.72 ± 0.22 S 78.9 ± 9.66 6.57 ± 0.11
J0435-1643 0.4 ± 0.1 RQ 0.94 ± 0.04 C -1.39 ± 0.79 F 60.29 ± 10.6 6.77 ± 0.11
J0436-1022 0.9 ± 0.1 RQ 0.87 ± 0.05 C 0.6 ± 0.33 S 869.95 ± 120.41 6.9 ± 0.11
J0447-0403 0.1 ± 0.0 RQ 0.36 ± 0.05 D 0.61 ± 1.12 S 231.28 ± 21.7 6.63 ± 0.11
J0447-0508 2.5 ± 0.3 RQ 0.89 ± 0.01 C 0.83 ± 0.13 S 260.87 ± 27.98 6.85 ± 0.11
J0452-2953 33.6 ± 4.0 RL 0.76 ± 0.01 C 0.95 ± 0.07 S 16.29 ± 1.94 6.97 ± 0.11
J0455-1456 0.2 ± 0.0 RQ 0.98 ± 0.04 C 0.22 ± 0.38 F 103.37 ± 13.08 7.02 ± 0.11
J0549-2425 2.1 ± 0.2 RQ 1.0 ± 0.01 C 0.63 ± 0.08 S 118.9 ± 12.51 6.58 ± 0.11
J0622-2317 0.6 ± 0.1 RQ 0.3 ± 0.02 D 0.31 ± 0.45 F 238.19 ± 26.21 6.47 ± 0.11
J0842-0349 0.8 ± 0.1 RQ 0.83 ± 0.05 C 1.5 ± 0.56 S 70.58 ± 11.82 7.43 ± 0.12
J0845-0732 0.7 ± 0.1 RQ 0.49 ± 0.06 D 1.68 ± 0.88 S 60.75 ± 9.49 6.71 ± 0.11
J0846-1214 14.3 ± 1.6 RL 0.99 ± 0.01 C 0.9 ± 0.03 S 60.24 ± 6.78 6.75 ± 0.11
J0849-2351 1.6 ± 0.2 RQ 0.81 ± 0.02 C 0.97 ± 0.19 S 91.99 ± 12.53 6.73 ± 0.11
J0850-0318 0.6 ± 0.1 RQ 0.84 ± 0.04 C 2.15 ± 0.27 S 114.1 ± 19.29 7.17 ± 0.11
J0952-0136 5.4 ± 0.9 RQ 0.96 ± 0.0 C 0.91 ± 0.03 S 634.94 ± 104.25 6.33 ± 0.11
J1014-0418 0.1 ± 0.0 RQ 0.65 ± 0.05 C 0.79 ± 0.53 S 400.27 ± 31.77 6.86 ± 0.11
J1015-1652 0.2 ± 0.1 RQ 0.95 ± 0.14 C 0.47 ± 1.0 F 58.22 ± 13.34 7.41 ± 0.12
J1044-1826 5.1 ± 1.1 RQ 0.96 ± 0.03 C 0.84 ± 0.17 S 50.73 ± 10.59 6.49 ± 0.11
J1147-2145 6.9 ± 0.7 RQ 0.95 ± 0.02 C 0.88 ± 0.1 S 50.53 ± 5.15 6.99 ± 0.11
J1225-0418 0.5 ± 0.1 RQ 0.86 ± 0.04 C -1.19 ± 0.42 F 99.81 ± 19.62 6.9 ± 0.11
J1337-0902 1.3 ± 0.2 RQ 0.85 ± 0.04 C -0.41 ± 0.71 F 24.62 ± 3.48 6.28 ± 0.12
J1345-0259 0.8 ± 0.1 RQ 1.0 ± 0.04 C -0.31 ± 0.26 F 82.22 ± 10.76 6.68 ± 0.11
J1423-0923 0.6 ± 0.1 RQ 0.51 ± 0.07 C 0.2 ± 1.33 F 42.12 ± 6.99 6.39 ± 0.11
J1511-2119 9.8 ± 1.2 RQ 0.97 ± 0.0 C 0.81 ± 0.01 S 299.76 ± 37.46 6.63 ± 0.11
J1522-0644 6.0 ± 1.1 RQ 0.8 ± 0.01 C 0.64 ± 0.06 S 148.74 ± 27.95 6.66 ± 0.11
J1615-0936 0.2 ± 0.0 RQ 0.77 ± 0.03 C 1.15 ± 0.36 S 712.21 ± 147.41 6.94 ± 0.11
J1616-1014 0.1 ± 0.0 RQ 0.69 ± 0.07 C -0.27 ± 0.75 F 125.07 ± 15.68 6.69 ± 0.11
J1628-0304 0.1 ± 0.0 RQ 0.74 ± 0.09 C -1.72 ± 1.24 F 139.85 ± 22.9 6.72 ± 0.11
J1638-2055 0.6 ± 0.1 RQ 0.95 ± 0.01 C 0.86 ± 0.06 S 992.5 ± 150.57 6.66 ± 0.11
J1646-1124 3.9 ± 0.3 RQ 0.97 ± 0.01 C 1.03 ± 0.03 S 450.9 ± 31.46 7.07 ± 0.11
J1937-0613 1.6 ± 0.2 RQ 0.43 ± 0.03 D 0.64 ± 0.39 S 1253.46 ± 127.85 6.03 ± 0.11
J2021-2235 35.0 ± 3.9 RL 0.94 ± 0.01 C 0.95 ± 0.03 S 43.99 ± 4.88 6.65 ± 0.11
J2143-2958 0.3 ± 0.0 RQ 0.63 ± 0.06 C 2.25 ± 0.68 S 123.17 ± 13.41 7.08 ± 0.11
Notes. Columns: (1) name, (2) radio loudness based on 5.5 GHz flux, (3) radio classification based on 5.5 GHz flux, (4) flux
concentration, (5) concentration classification, (6) in-band spectral index between 5 and 6 GHz, (7) spectral classification based on
in-band spectral index, (8) flux density in optical B-band, (9) black hole mass.
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Table D.3. The radio measurements of 21 NLS1s detected at 1.4 GHz
Name Instrument S 1.4 log L1.4 Radio loudness Spectral slope
- - (mJy) (erg s−1) R1.4 RL/RQ α1.4−5.5 F/S
J0000-0541 FIRST 3.5 ± 0.3 39.03 ± 0.04 7.79 ± 1.98 RQ 0.8 ± 0.07 S
J0022-1039 FIRST 1.4 ± 0.1 40.04 ± 0.04 4.31 ± 1.06 RQ 0.73 ± 0.08 S
J0122-2646 NVSS 3.8 ± 0.5 40.52 ± 0.06 77.86 ± 39.73 RL 1.02 ± 0.12 S
J0230-0859 FIRST 1.2 ± 0.2 36.97 ± 0.06 0.15 ± 0.02 RQ -0.04 ± 0.1 F
J0354-1340 NVSS 14.9 ± 1.1 39.47 ± 0.03 8.4 ± 1.1 RQ 0.78 ± 0.05 S
J0400-2500 NVSS 4.1 ± 0.6 39.13 ± 0.06 3.68 ± 0.59 RQ 0.87 ± 0.11 S
J0422-1854 NVSS 2.8 ± 0.5 38.58 ± 0.08 2.91 ± 0.63 RQ 0.67 ± 0.13 S
J0436-1022 NVSS 17.0 ± 0.7 38.83 ± 0.02 1.6 ± 0.23 RQ 0.95 ± 0.05 S
J0452-2953 NVSS 9.5 ± 0.5 40.51 ± 0.02 47.79 ± 6.24 RL 0.76 ± 0.04 S
J0549-2425 NVSS 2.4 ± 0.5 38.19 ± 0.09 1.65 ± 0.39 RQ 0.31 ± 0.15 F
J0622-2317 NVSS 4.3 ± 0.5 38.3 ± 0.05 1.48 ± 0.24 RQ 1.12 ± 0.09 S
J0846-1214 NVSS 15.3 ± 0.7 39.79 ± 0.02 20.81 ± 2.53 RL 0.77 ± 0.03 S
J0952-0136 FIRST 59.8 ± 0.1 38.86 ± 0.0 7.72 ± 1.27 RQ 0.76 ± 0.0 S
J1044-1826 NVSS 4.4 ± 0.5 39.3 ± 0.05 7.11 ± 1.69 RQ 0.74 ± 0.08 S
J1147-2145 NVSS 5.7 ± 0.5 40.03 ± 0.04 9.24 ± 1.24 RQ 0.71 ± 0.06 S
J1511-2119 NVSS 46.9 ± 1.5 39.48 ± 0.01 12.82 ± 1.65 RL 0.69 ± 0.02 S
J1522-0644 FIRST 14.4 ± 0.1 39.53 ± 0.0 7.92 ± 1.49 RQ 0.71 ± 0.01 S
J1638-2055 NVSS 6.8 ± 0.5 38.19 ± 0.03 0.56 ± 0.09 RQ 0.45 ± 0.05 F
J1646-1124 NVSS 38.3 ± 1.6 39.85 ± 0.02 6.96 ± 0.57 RQ 0.92 ± 0.03 S
J1937-0613 NVSS 42.2 ± 1.7 38.15 ± 0.02 2.76 ± 0.3 RQ 0.91 ± 0.05 S
J2021-2235 NVSS 24.6 ± 0.9 40.5 ± 0.02 45.82 ± 5.35 RL 0.7 ± 0.03 S
Notes. Columns: (1) name, (2) instrument, (3) flux density, (4) luminosity, (5) radio loudness based on 1.4 GHz flux, (6) radio
classification based on 1.4 GHz flux, (7) spectral index between 1.4 and 5.5 GHz, (8) spectral classification based on spectral index
between 1.4 and 5.5 GHz.
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